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The current study investigated the development of phonological awareness and 
the functional brain activity underlying phonological processing in children who stutter 
(CWS) and their fluent peers (CWNS) ages 3;9-6;6. 
In the first part of the current study, we investigated the percent accuracy of 63 
children (40 CWS, 23 CWNS) completing a real-word rhyme judgment task. In the 
second part of the study, we investigated the functional brain activity mediating rhyme 
judgments, as indexed by event-related potentials (ERPs), in 21 children (12 CWS, 9 
CWNS).  
Part one findings indicated that CWS and CWNS develop rhyme at similar and 
typical rates. Part two findings demonstrated that both CWS and CWNS show the classic 
central-parietal N400 rhyme effect; however, the groups differed in the anterior onset 
rhyme effect. As a group, CWNS showed a left lateralized anterior onset rhyme effect 
while CWS showed no effect. Analyzing participants individually, CWS showed variable 
lateralization of this effect.  
These results support previous findings that the anterior onset rhyme effect 




recover or persist in stuttering. Support for the multifactorial model of stuttering is also 





CHAPTER 1. INTRODUCTION 
1.1 Stuttering and Phonology 
Researchers estimate that 5-8% of preschool children stutter and that of that group 
80% spontaneously recover (Yairi & Ambrose, 1999; Yairi & Ambrose, 2013). Ninety-
five percent of stuttering onsets in children occur by 4 years of age with 60% occurring 
between 2-3 years of age (Yairi & Ambrose, 2013). It is further estimated that 30-40% of 
children who stutter (CWS) also have a phonological disorder, which is significantly 
higher than the 2-6% in the general population (Louko, Edwards, & Conture, 1990). 
However, it has been suggested that the estimates of concomitance may be inflated due to 
methodological confounds. (Nippold, 2002; Nippold, 2004).  
The observations of concomitance led to investigations of the relationship 
between phonological development and stuttering. In a longitudinal study, Paden, Yairi, 
& Ambrose (1999), investigated the acquisition of phonological skills as it related to 
persistence or recovery from stuttering. They concluded that, as a group, children who 
persist in stuttering have lower scores on the Assessment of Phonological Processes-
Revised (APP-R), when scores are weighted by age, compared to those who would 
recover (Paden et al., 1999). Interestingly, both groups acquired phonological skills in the 
expected developmental order; however, the children who would persist consistently 




Similarly, Weber-Fox & Spencer (2014) found that a standardized measure of articulation 
and performance on a non-word repetition task were predictive of recovery and 
persistence in preschool CWS. Taken together, these studies suggest that phonological 
development may influence stuttering outcomes in some young children. 
Research has also examined the relationship between phonology and specific 
stuttering behaviors (Wolk, Conture & Edwards, 1993; Yaruss & Conture, 1996; Gregg 
& Yairi, 2012). Wolk, Conture, & Edwards (1993) found that a group of CWS with 
disordered phonology produced certain dysfluency types at different rates than CWS with 
normal phonology. CWS with disordered phonology produced a significantly greater 
percentage of sound prolongations and significantly fewer word repetition iterations 
compared to the CWS with normal phonology (Wolk, Conture & Edwards, 1993). The 
finding of differing stuttering behaviors associated with varying phonological abilities is 
consistent with the tenants of the covert repair hypothesis (CRH). The CRH attempts to 
explain normal and stutter-like dysfluencies based on phonological encoding processes 
(Postma & Kolk, 1993). As phonemes are selected and placed into the articulatory plan, 
any speaker may make errors. These errors require generation of a covert repair, which 
may take form in either a restart or postponement of the speech stream. Depending on 
where the error occurs in the speech stream, when it is detected, and if any of the speech 
stream has been produced, various patterns of dysfluency arise. The CRH proposes that 
people who stutter have a deficit in phonological encoding which leads them to make 
more errors than the average speaker (Postma & Kolk, 1993).  
Based on the CRH and the findings of Wolk, Conture & Edwards (1993), Yaruss 




should produce more dyfluencies because their phonological errors provide more 
opportunities for monitoring and repair. However, they found no significant differences 
in the frequency of dyfluencies between a group of CWS with normal phonology and 
CWS with disordered phonology. Gregg & Yairi (2012), using stricter inclusion criteria 
for gender, age since onset of stuttering and severity of stuttering, also found no 
significant differences in number, length and type of disfluency after dividing children 
who stutter into groups based on minimal and moderate phonological deviations. The 
authors suggest that there is not a linear relationship between severity of phonological 
deviations and severity of stuttering (Gregg & Yairi, 2012). The results of these 
investigations of phonological errors and speech dysfluencies indicate that the 
relationship between stuttering and phonology is likely complex and perhaps not be 
apparent in overt stuttering behaviors. 
A dynamic multifactorial model for stuttering proposed by Smith (1999), as well 
as other theories (e.g. Approach-Avoidance Conflict (Sheehan, 1953); Demands and 
Capacities model (Starkweather & Gottwald, 1990)) assert that analyzing overt behaviors 
(i.e. the moments of dysfluency) is not adequate to understand the disorder. Instead, 
interactions between speech-motor coordination, social, physiologic, environmental and 
linguistic factors should be investigated (Smith & Kelly, 1997; Smith, 1999). These 
factors may have different weightings  across individuals and may change over time 
within an individual (Smith, 1999). In this way, the theory accounts for the individual 
variability seen in stuttering and shifts the focus away from searching for one common 
element that accounts for all instances of stuttering. In this theory, the phonological 




many factors that could potentially influence the development and persistence of 
stuttering.  
1.2 Phonological Development 
speech, language and motor systems. In terms of phonological production accuracy, the 
percent of whole words correct (PWC) a child produces in spontaneous speech increases 
steeply around the time of stuttering onset, from approximately ~30% at age 25 months 
to ~88% at 60 months of age (Rvachew & Brosseau-Lapré, 2012, pg. 240-245; Review of 
Bunta, Fabiano-Smith, Goldstein & Ingram, 2009; Ingram, 2002; MacLeod, Laukys, & 
Rvachew, 2011; and Schmitt, Howard & Schmitt, 1983). See Figure 1-1. Phonological 
skills such as phonological awareness also develop rapidly during the preschool years. 
Phonological awareness is the ability to apply knowledge of phonemes (the sounds of 
language) and how they are combined in language. Rhyming ability, for example, is a 
phonological skill as it requires analysis of words into components of the onset (e.g., car) 
and rime (e.g., car) and comparing the rimes from two words (e.g., car star) to one 
another.  
There is evidence to suggest that children begin developing phonological awareness, 
including rhyming recognition and production, as early as 2-3 years of age (Lonigan, 
Burgess, Anthony, & Barker, 1998; Maclean, Bryant, & Bradley, 1987). Maclean et al. 
(1987) showed that at age 3, 21% of their 66 subjects demonstrated rhyme detection 
above chance level and 42% could produce at least 1 rhyming word out of 5 opportunities.  
Carroll, Snowling, Stevenson, & Hulme (2003) found that performance on rhyme tasks 





Figure 1-1. Scatterplot displaying development of phonological production over time in relationship to the onset of stuttering. The gray rectangle represents 
the onset of stuttering, which usually occurs between 24-48 months of age (Yairi & Ambrose, 2013). During this period of time, phonological production 
accuracy increases steeply from ~30% at age 25 months to ~80% at 48 months of age (Rvachew & Brosseau-Lapré, 2012, pg. 240-245; Review of Bunta, 






Over that year timeframe, the percent of children scoring above chance rose from 
23.88% to 65.67%. This establishment and rapid increase in phonological awareness 
indexed by rhyme abilities occurs near the onset of stuttering. Figure 1-2 summarizes 
acy on rhyme tasks across different age groups as reported in various 
investigations of phonological development (Carroll et al., 2003; Maclean et al., 1987; 
Lonigan et al., 1998; Corriveau, Goswami & Thomson, 2010). Studies included rhyme 
matching tasks, in which participants choose a word from 2 options that rhymes with a 
stimulus (Carroll et al., 2003; Maclean et al., 1987), and rhyme oddity tasks, in which 
participants choose a word from 3-4 options that does not rhyme with the others 
(Maclean et al., 1987; Lonigan et al., 1998; Corriveau, Goswami & Thomson, 2010). An 
overall regression line taking into account data points from each study is included in the 
figure to approximate rhyme development over time.  
Interestingly, chronological age is not the only factor affecting phonological 
development. Based on samples taken from middle and lower SES groups, Lonigan et al. 
(1998) indicated that socioeconomic status (SES) may differentiate children in their 
phonological abilities beginning at age 3. On the rhyme task specifically, children in the 
middle SES group showed age related growth in rhyme abilities while the children in the 
lower SES group did not. Furthermore, at age 5 significantly more middle SES children 
scored above chance when compared to the lower SES children (Lonigan et al., 1998).   
In summary, rhyme judgment tasks provide a useful index for assessing phonological 
awareness and development in young children. The current study utilizes such a task for 
assessing electrophysiological activity mediating phonological processing in children 





Figure 1-2. Scatterplot and regressions of from studies 
(Carroll et al., 2003; Maclean et al., 1987; Lonigan et al., 1998; Corriveau et al., 2010). Studies included rhyme matching tasks, in which participants choose 
a word from 2 options that rhymes with a stimulus (Carroll et al., 2003; Maclean et al., 1987), and rhyme oddity tasks, in which participants choose a word 
from 3-4 options that does not rhyme with the others (Maclean et al., 1987; Lonigan et al., 1998; Corriveau, Goswami & Thomson, 2010). The overall 




1.3 ERP and Rhyme 
Electroencephalography (EEG) is used to measure electrical activity on the scalp. 
EEG measures which are time-locked to particular stimuli are called event-related 
potentials (ERPs). Visual and auditory rhyme judgment designs are particularly attractive 
when using ERP to assess phonological awareness because they require no overt speech 
response from the participant. Movements, such as that of the articulators during speech, 
generate larger electrical activations from muscles, introducing artifact that can interfere 
with measuring smaller amplitude cortical potentials.    
The N400 ERP component has been associated with rhyming tasks in adults and 
children.  This negativity peaks at approximately 400ms post stimulus onset and is 
elicited by the prime and target words (Coch, Grossi, Coffey-corina, Holcomb, & Neville, 
2002; Coch, Grossi, Skendzel, & Neville, 2005). The N400 amplitude is larger with 
longer peak latencies when elicited by non-rhyming target words compared to rhyming 
target words over central, parietal and occipital sites when compared to rhyming targets 
(Coch et al., 2002, 2005).  Rhyming targets show a reversal, eliciting a larger N400 in the 
frontal and anterior temporal sites compared to non-rhyming targets (Coch et al., 2002, 
2005) o be left 
lateralized; however with non-words (or pseudo-words) it was bilateral (Coch et al., 2002, 
2005; Mohan & Weber, 2015).  
Developmentally, the rhyme effect as indexed by the N400 is adult-like by about 
6-7 years of age as no significant differences in size, distribution and latency were seen 
across ages 6-21 (Coch et al., 2002, 2005).  However, Weber-Fox, Spencer, Cuadrado, & 




task (thrown/own vs. cake/own vs. gown/own vs. cone/own), children 9-10 years of age 
show less efficient processing in the left hemisphere exhibiting longer peak latencies and 
less differentiated processing across the conditions when compared to adults.  While 
early developing, the N400 rhyme processing may still be influenced by increasing 
complexity of the task in children.  
The current study uses measures of ERPs and an auditory rhyme judgment task to 
investigate the phonological abilities of young CWS. This builds on previous work 
utilizing ERPs to examine phonological processing in adults who stutter (AWS) which 
required participants to make visual rhyme judgments for word pairs in four conditions: 
orthographically congruent rhyming (thrown own), orthographically incongruent rhyming 
(cone own), orthographically congruent non-rhyming (gown own) and orthographically 
incongruent non-rhyming (cake own).  Results indicated that AWS had delayed reaction 
times relative to control adults when asked to make rhyme judgments for word pairs 
which were orthographically similar but did not rhyme (Weber-Fox, Spencer, Spruill, & 
Smith, 2004). This suggests that the AWS were more susceptible to phonological 
processing breakdowns with increasing cognitive load imposed by the incongruent 
condition. While their event-related potentials were similar, the AWS showed larger 
amplitude N400s in the right hemisphere compared to their fluent peers (Weber-Fox et al., 
2004).  
The same paradigm was used with children age 9 to 13 years and the researchers 
found waveform differences (Weber-Fox, Spruill, Spencer, & Smith, 2008). The N400 in 
CWNS peaked earlier for electrode sites over the left hemisphere compared to the right 




2008). Given the differences in the patterns of results in the adult study and the parallel 
study of children ages 9-13 years, it is clear that the dynamics of development may reveal 
differentiating characteristics related to stuttering that is not constant across the lifespan.  
Further developmental studies utilizing younger CWS are needed to elucidate 
developmentally based processes that may distinguish individuals who stutter from their 
typically developing peers. 
In a previous ERP study of rhyme processing in CWS, an auditory rhyme 
paradigm was utilized with children aged 6;11 to 7;11 years old (Mohan & Weber, 2015). 
In this study, the children were required to make rhyme judgments based on the auditory 
presentation of pseudo words (e.g. feap-neap vs. bry-pag). Participants were grouped as 
CWNS, CWS who were persisting in stuttering at the time of testing (CWS-per) and the 
CWS who had recovered from stuttering (CWS-rec) at the time of testing. While CWNS, 
CWS-per and CWS-rec all had high rhyme judgment accuracy, waveform differences for 
phonological processing were found in CWS-per compared to CWS-rec with both groups 
showing differences compared to CWNS. The ERPs of all three groups showed a classic 
rhyme effect over central parietal sites (N400 for non-rhyming targets > N400 for 
rhyming targets). However, the groups differed in the anterior lateral sites where there 
was an earlier onset of the N400 for rhyming targets compared to non-rhyme targets. This 
early difference in the rhyme and non-rhyme conditions is known as the anterior onset 
rhyme effect (Mohan & Weber, 2015). ERPs of the CWNS showed the anterior onset 
rhyme effect in both hemispheres while CWS-per lacked the anterior rhyme effect all 
together. The CWS-rec showed the anterior rhyme effect; however, it was lateralized 




children, it is possible to distinguish CWS from CWNS in terms of the neural 
underpinnings of phonological processing. Furthermore, these processing differences also 
distinguish children who recovered from stuttering by age 7-8 years from those who 
persisted. 
The current study is designed to further our understanding about the underlying 
brain activity mediating phonological processing by examining younger children (4-6 
years old) as they complete a similar rhyme task. It is the first study to examine the N400 
rhyme effect in an age group under 6 years of age and will help determine whether 
phonological processes indexed by ERPs in a rhyme task may help differentiate CWS 
and CWNS closer to the onset of stuttering. A real-word (rather than pseudo-word) 
auditory rhyme task was used in the current study because younger children are more 
accurate in making rhyme judgments with familiar words.  Not only were the children in 
the current study nearer to the onset of stuttering, they were near to the emergence of the 
phonological awareness skills necessary to complete rhyme tasks. Therefore, the use of 





CHAPTER 2.  METHOD 
2.1 Participants 
The participants in the current study were part of a longitudinal study 
investigating developmental stuttering and recovery vs. persistence in relation to a variety 
of behavioral, motor, emotion, and language factors.  The current study examined rhyme 
judgment abilities of 63 children aged 3;9 to 6;6 years. Of these children, 40 (9 female) 
were children who stuttered and 23 (5 female) were typically developing.  
In addition, neural activity (ERPs) elicited for phonological processing was 
investigated for 21 of these children who met additional inclusionary criteria described 
below. In this group of 21 children, 12 participants (3 female) were CWS and 9 
participants (1 female) were CWNS. 
2.1.1 Diagnosis Criteria for Stuttering 
Children were considered stuttering if they met the following criteria used by 
Yairi & Ambrose (1999). They were perceived as stuttering by parents and a speech 
language pathologist. Stuttering severity was rated as 2 or greater on an 8-point scale in 
which 0 is not stuttering and 7 is severe stuttering. They produced at least 3 stuttering-
like disfluencies (SLDs) per 100 syllables within a spontaneous language sample. The 




reliability by two raters. SLDs included part-word repetitions, monosyllabic word 
repetitions, and disrhythmic phonations such as prolongations and silent blocks.  
2.1.2 Screening Procedures for All Participants 
All participants had normal hearing and normal or corrected-to-normal vision. 
Hearing screening assessed frequencies including 250, 500, 1000, 2000, 4000 and 
8000Hz at 20dB in both ears. Vision was normal or corrected as indicated in the parent 
report. Participants had no history of neurological or emotional disorders as reported by 
their parents. Participants also did not demonstrate social interaction impairments or 
activity restrictions as measured by the Childhood Autism Rating Scale (CARS; Schopler, 
Reichler, & Renner 1988). 
2.1.3 Clinical Cognitive, Speech, and Language Assessments 
Nonverbal intelligence was assessed using the Primary Test of Nonverbal 
Intelligence (PTONI) (Ehler & McGhee 2008). The Bankson & Bernthal Test of 
Phonology  Consonant Inventory (BBTOP-
articulation and the Structured Photographic Expressive Language Test  3rd Edition 
(SPELT-3) 
1990; Dawson, Stout, & Eyer, 2003). Clinical Evaluation of Language Fundamentals  
Preschool 2 (CELF-
(Wiig, Secord & Semel, 2004). The Test of Childhood Stuttering (TOCS) was 
administered to quantify fluency (Gillam, Logan, Pearson, & Pro-Ed, 2009). All 
participants were tested at age 4-5 years prior to the ERP experiment. Only those with 
that scored within normal limits on each of the assessments, with the exception of the 




2.1.4 Additional Measures 
Socioeconomic status was also determined via parent report of maternal level of 
education. The Hollingshead Education Scale (Hollingshead, 1975) was used to quantify 
level of education according to the following criteria: completion of high school (4), 
partial college or specialized training (5), completed college degree (6) and graduate 
degree (7). Handedness was 
an abbreviated handedness inventory (5 tasks adapted from Oldfield, 1971) 
2.1.5 Rhyme Proficiency Assessment 
A 10 item rhyme discrimination task and 10 item rhyme production task from the 
Phonological Awareness Test  Rhyming Subtest (PAT) was completed with each 
participant (Robertson & Salter, 2007). The discrimination task required participants to 
indicate whether 2 words they heard rhymed or did not rhyme (e.g. book look vs. ring rat). 
The rhyme production task required participants to generate a rhyming word or pseudo 
word based on a word read by the examiner (e.g. can -
are presented in the Results section comparing the performance for the CWS and CWNS 
who were included in ERP analysis. 
2.1.6 Inclusionary Criteria for ERP Rhyming Study 
All 64 participants were included in the analysis of percent accuracy on the ERP 
rhyme judgment task and the groups of 40 CWS and 23 CWNS were compared utilizing 
regression analyses.  However, 21 participants were selected for inclusion in ERP 
analysis of underlying brain activity. Each of those 21 subjects demonstrated at least 75% 
rhyme judgment accuracy on the ERP rhyme task and had at least 20 usable trials in both 













Characteristics include -verbal intelligence (measured by the 




Group N Handedness Age (in months) SES PTONI 
   M SE Range M SE Range M SE Range 
CWS 12 (3F) 11 Right 
1 Left 
62.42 3.09 45-78 6.083 .31 4-7 113.75 3.53 89-133 
CWNS 9 (1F) 9 Right 
0 Left  
58.67 2.78 49-76 6.22 .22 5-7 125.11 4.74 102-142 




Table 2-2. Standard Scores of CWS and CWNS on Language Assessments.  
Group N SPELT CELF  P2 Receptive 
  M SE Range M SE Range 
CWS 12 (3F) 103.58 1.42 95-110 105.67 2.39 93-120 
CWNS 9 (1F) 107.22 1.80 100-114 110.00 4.10 89-120 
  t(19) = -1.61 , p = .12 t(19) = -0.97, p = .35 
 
The Structured Photographic Expressive Language Test  3rd Edition (SPELT- Bankson & 
Bernthal, 1990; Dawson, Stout, & Eyer, 2003). The Clinical Evaluation of Language Fundamentals  Preschool 2 (CELF-P2) was used to assess the 








Table 2-3. Standard Scores of CWS and CWNS on Speech Assessments.  
Group N BBTOP - Consonants TOCS 
  M SE Range M SE Range 
CWS 12 (3F) 104.00 3.15 86-120 77.67 5.37 58-115 
CWNS 9 (1F) 110.44 2.29 102-120 95.22 3.50 80-110 
  t(19) = -1.55 , p = .14 t(19) = -2.53, p = .02 
 
The Bankson & Bernthal Test of Phonology  Consonant Inventory (BBTOP-CI) The Test of Childhood 
Stuttering (TOCS) was administered to quantify fluency (Gillam, Logan, Pearson, & Pro-Ed, 2009). The groups did not differ significantly on the BBTOP; 
however, they did differ significantly on the TOCS. Differentiation of groups based on the TOCS supports the categorization of the participants into CWS 






Using the results of the testing and parent report data, participant groups were 
matched according to age, gender, handedness, socioeconomic status, and nonverbal 
intelligence. See Tables 2-1, 2-2 and 2-3 for characteristics of the children who were 
included in the ERP study. 
All CWS and CWNS included in the ERP analysis scored within normal limits on 
the clinical assessments with the exception of the TOCS. Furthermore, it is important to 
note that performance on the clinical tests did not differentiate the groups with the 
exception of the TOCS. Significant differences on the TOCS, t(19) = -2.53, p = .02, 
support the categorization of the participants into CWS and CWNS based on fluency. The 
only measure trending toward significance was the PTONI, -  in 
NS mean score fell 
 
2.2 ERP Stimuli 
The stimuli for the ERP study included 160 pairs of naturally spoken real words 
early developing and familiar words taken from the MacArthur-Bates Communicative 
Development Inventories (Fenson & Paul, 2007). These stimuli were divided into two 
lists of 80 pairs each (40 rhyming and 40 non-rhyming).  The lists were counterbalanced 
such that the target words of each list were the same, however on one list it was part of a 
rhyming pair (comb home) and on the second list it was part of a non-rhyming pair 
(sheep home). See the Appendix for a complete list of the word pairs for each version.  





0.65 seconds (SD = .089) respectively. The prime-target pairs were presented with a 1.5s 
Stimulus Onset Asynchrony (SOA) at 70-75 db SPL. 
2.3 Procedures 
In a sound attenuated booth, participants sat at a distance of 164 cm from 47.5cm 
monitor with a speaker above it. A colored circle appeared on the display screen 500ms 
prior to each auditory word pair and served as a fixation point through each trial. The 
circle remained on the screen during the auditory prime and target words and continued 
2000ms the target offset for a total duration of 4500-5000ms depending on the combined 
durations of the prime plus target words in a given trial. Figure 2-1 summarizes the 
progression of the stimulus presentation. The fixation circles randomly varied across 
trials in color (red, orange, yellow, green, blue, indigo, violet) and size (1.5-4.75cm) to 
add variety for interest. The visual angles of the circles were between 0.52° and 1.66° 
degrees vertically and horizontally.  
r
listening to the words, look at the circle on the screen in front of you.  Every once in a 
while, you will see a picture pop up.  This is the time when you can move!  Every time 
you see a picture, you can take one Lego block and stack it.  You will see 10 pictures 
total.  How high can you build your tower?  When your tower is done, you will get a 






Figure 2-1. Progression of the auditory and visual stimuli during the ERP rhyme judgment task. Children are asked by the experimenter if are ready. The 
experimenter holds the response pad and presses a button to begin. After a 1.5 second delay, a circle which varies in color and size across trials, appears as a 
fixation point. .5 seconds later the prime word begins and 1.5 seconds from the initiation of the prime the target begins. The average target duration is 





After hearing the stimuli, the participant told the experimenter whether they 
thought the words rhymed or not. The experimenter th
and associated with each trial. This allowed averaging of correct trials only, in addition to 
averaging across all trails in a condition. When a picture (e.g. airplanes, balloons, 
bubblegum) appeared on the screen, the child took a break to participate in a rewarding 
activity (e.g. Legos, Connect Four, fishing puzzle, etc.).  
2.4 ERP Recording 
Children were fitted with an elastic cap with 32 channels embedded in it with 
scalp positions that correspond to the International 10-10 system including lateral (F7/F8, 
FC5/FC6, T7/T8, CP5/CP6, P7/P8), medial (FP1/FP2, AF3/AF4, FC1/FC2, F3/F4, 
C3/C4, CP1/CP2,  P3/P4, PO3/PO4, O1/O2) and midline sites (FZ, CZ, PZ, OZ) 
(American Electroencephalographic Society, 1994). The continuous 
electroencephalogram was recorded using the Biosemi ActiveTwo® system. Reference 
electrodes were placed on the outer canthi of the right and left eyes to measure horizontal 
eye movements (HEOG) as well as on the inferior and superior orbital ridges to measure 
vertical eye movements (VEOG).  
2.5 ERP Analyses 
ERPs were time-locked to the onset of the prime and target words in each pair. 
The continuous electroencephalogram from CWS and CWNS was analyzed using 
EEGLAB (Delorme & Makeig, 2004) and ERPLAB (Lopez-Calderon & Luck, 2014), 




sampled at a rate of 256 Hz and band-pass filtered from .1 to 30Hz. Next, the EEG 
segments associated with the break periods of the ERP session were eliminated from 
further analyses of the EEG continuous data file. Independent component analysis (ICA), 
a statistical tool included in EEGLAB, was used to identify and remove eye artifacts, 
including blinks and movements by two trained raters. If the raters disagreed, a third 
trained rater worked to form consensus.  
The continuous EEG data was epoched from 200ms before the stimulus onset to 
2000ms after the stimulus onset. Epochs were baseline corrected from -100ms to stimulus 
onset (0ms). Automatic artifact rejection algorithms were run with a 200ms window 
moving in 50ms increments starting with a level of 100µV for eye channels and 200 µV 
for all other channels. Finally, the epochs were averaged to produce an ERP waveform at 
each electrode site for each condition (rhyme and non-rhyme) for each participant Only 
the participants with at least 75% rhyme judgment accuracy were included to ensure that 
there would be an adequate number of correct trials (at least 20) available for analyses. 
Grand average ERPs of correct trials were computed for each of the participant groups 
(CWS and CWNS).   
Analyses focused on measuring the mean amplitudes and peak latencies of the 
for the N400 were taken in successive temporal windows from: 200-400ms and 300-





2.6 Statistical Analyses 
Statistical analyses were performed to investigate group differences in rhyme 
judgment accuracy and differences in the mean amplitude and peak latency of the N400 
elicited by target words. The behavioral accuracy in rhyme judgments was examined 
utilizing independent samples T-tests. Repeated-measures ANOVA were used to examine 
differences in the N400 measures between groups (CWNS, CWS) and within factors of 
condition (rhyme, non-rhyme), hemisphere (right, left), anterior-posterior distribution 
(ant: Frontal, Frontal-Central, post: Temporal, Central-Parietal, Parietal) and laterality 
(lateral, mid-lateral). Repeated-measures ANOVA were also used to examine differences 
between groups (CWNS, CWS) and anterior-posterior distribution (ant: FZ, CZ, post: PZ, 
OZ) of the midline sites. Figure 2-2 shows the approximate locations of the electrodes 
included in the analyses. The Huynh Feldt (H F) adjusted p-values were calculated and 
significance was set at p-values < .05. Only interactions including group and condition 






Figure 2-2. Approximate location of the electrodes included in analyses. The red section represents anterior electrode sites and the orange represents 
posterior electrode sites. Purple electrodes sites are the lateral electrodes, green are the medial electrodes and blue are the midline electrodes. The left and 






CHAPTER 3. RESULTS 
3.1 Rhyme Proficiency 
3.1.1 All Participants  ERP Rhyme Judgment  
 The percent rhyme judgment accuracy for all 63 participants who participated in 
the ERP rhyme task as part of the longitudinal study (40 CWS and 23 CWNS) is plotted 
by chronological age in Figures 3-1 and 3-2. An overall rhyme percent accuracy 
regression line from the studies of phonological awareness is included on each plot to 
approximate the development of rhyme skills (Carroll et al., 2003; Maclean et al., 1987; 
Lonigan et al., 1998; Corriveau et al., 2010). Both CWS and CWNS show a regression of 
ERP rhyme judgment above the projection of rhyme development seen in the studies of 
phonological awareness. The increased accuracy of subjects in the current study may be 
due to task differences. The ERP rhyme judgment task required participants to simply 
provide a yes or no answer to rhyme stimuli whereas the tasks from the studies of 
phonological awareness required the participant to choose a word from a list of 3-4 that 
either rhymed or did not rhyme a target. The simpler yes/no judgment task of just a 






Figure 3-1. CWNS (n= 40) percent correct on the ERP rhyme judgment task plotted with rhyme task data 
from studies of phonological awareness. The regression line from studies of phonological awareness study 
regression line takes into account data points from several studies and is included to approximate rhyme 
development over time (Carroll et al., 2003; Maclean et al., 1987; Lonigan et al., 1998; Corriveau et al., 
2010). A regression line of the CWS data from the ERP task demonstrates that the CWS included in the 






Figure 3-2. CWNS (n= 23) percent correct on the ERP rhyme task plotted with rhyme task data from 
studies of phonological awareness. The regression line from studies of phonological awareness study 
regression line takes into account data points from several studies and is included to approximate rhyme 
development over time (Carroll et al., 2003; Maclean et al., 1987; Lonigan et al., 1998; Corriveau et al., 
2010). A regression line of the CWNS data from the ERP task demonstrates that the CWNS included in the 





3.1.2 ERP Subjects  Phonological Awareness Test and ERP Rhyme Judgment Task 
 The group of 12 CWS and 9 CWNS who met inclusion criteria were highly 
accurate in making rhyme discriminations and productions on the Phonological 
Awareness Test as well as rhyme judgements on the ERP rhyme task. The groups did not 
significantly differ on any of the rhyme proficiency measures (see Table 3-1 for means 
and statistics). Given that participants included in the ERP analysis qualified by having 
ERP rhyme task accuracy greater than 75%, it follows that both groups were highly 
accurate in their rhyme abilities and allowed for comparisons of brain activity mediating 
rhyme awareness with comparable performance of the two groups. 
3.2 Event-Related Brain Potentials Elicited for Rhyming and Non-Rhyming Target 
Words  
The grand average waveforms elicited by the rhyming and non-rhyming targets 
for the CWS and CWNS are illustrated in Figures 3-3 and 3-4 respectively. As can be 
seen, both CWS and CWNS exhibited a larger N400 for non-rhyming targets compared 
to rhyming targets over central parietal sites consistent with the classic N400 rhyme 
effect previously reported (Coch et al., 2002; Coch et al., 2005; Grossi, Coch, Coffey-
Corina, Holcomb, & Neville, 2001; Mohan & Weber, 2015).  
3.2.1 N400 Mean Amplitudes  
In the 300-700ms time window, there was no main effect of condition for the 
N400 mean amplitude, F(1, 19) = 1.09, H-F p = .31, and no main effect of group, F(1, 19) 
= .34, H-F p = .57. There was a significant interaction between condition x hemisphere, 





Table 3-1.  
Group PAT Rhyme Discrimination Task  
%Correct  




 M SE Range M SE Range M SE Range 
CWS 85.0 5.29 50-100 79.17 6.09 40-100 91.30 1.57 82.5-98.75 
CWNS 94.44 2.94 80-100 74.44 6.26 40-90 89.64 2.56 78.75-97.5 
 *t(16.65) = -1.56, p = .14 t(19) = .53, p = .60 t(19) = .58, p = .57 
F = 4.99, p = .038 
Phonological Awareness Test  Rhyming Subtest (PAT) (Robertson, & 
Salter, 2007) and the ERP rhyme task. The ERP rhyme task and PAT discrimination task required participants to indicate whether 
two words presented auditorily rhymed or did not rhyme (e.g. book look vs. ring rat). The PAT rhyme production task required 
participants to generate a rhyming word or pseudo word based on a word read by the examiner (e.g. can -





Figure 3-3. Grand average waveforms elicited by rhyming (black) and non-rhyming (red) targets for CWS. In the central-parietal sites, the N400 is larger for non-
rhyme than for rhyme (e.g. CP2). In the anterior sites, the N400 elicited by rhyming targets begins slightly prior to the N400 elicited by non-rhyming targets (e.g. F8). 





Figure 3-4. Grand average waveforms elicited by rhyming (black) and non-rhyming (red) targets for CWNS. In the central-parietal sites, the N400 is larger for non-
rhyme than for rhyme (e.g. CP6). In the anterior sites, the N400 elicited by rhyming targets begins slightly prior to the N400 elicited by non-rhyming targets (e.g. F7). 





indicating a larger difference between the  rhyme and non-rhyme conditions in the right 
hemisphere and over posterior electrode sites. 
Analysis of the midline electrode sites also revealed no main effects of condition, 
F(1, 19) = 1.93, H-F p = .18 or group, F(1, 19) = 0.19, H-F p = 0.67. There were no 
interactions with group, F(1, 19) < .02 , H-F p > 0.88 and F(3, 57) < 0.44 , H-F p > 0.73. 
3.2.2 N400 Peak Latencies elicited by the Target Words 
 Given the central parietal distribution of the N400 condition effect found in the 
mean amplitude analysis, peak latencies were measured in the 300-700ms time window 
across the following sites: CP5/6, C3/4, P7/8, CP1/2, PO3/4 and P3/4. There were no 
main effects in peak latency of the N400 for condition, F(1, 19) = 1.68, H-F p = 0.21 or 
group, F(1, 19) =  0.007, H-F p = 0.93. Furthermore, there were no interactions with 
group, F(1, 19)  <  3.86 , H-F p > 0.06 and F(2, 38) <  2.25, H-F p > 0.12.  
Analyses of the midline electrode sites also showed no main effects of condition, 
F(1, 19) = .11, H-F p = 0.75, or group, F(1, 19) = .64, H-F p = 0.43. There were also no 
interactions with group, F(1, 19) < 0.81, H-F p > 0.38., F(3, 57) < 0.42, H-F p > 0.74. 
3.2.3 Anterior Onset Rhyme Effect  
Previous studies in 7-8 year children indicated that differences in the anterior 
onset rhyme effect existed between CWS who had recovered and those who had persisted 
at the time of testing and CWNS (Mohan & Weber, 2015). To investigate that finding 
further, the mean amplitudes of the N400s elicited by the target words were measured in 
a 200-400ms temporal window. This window was chosen to capture the relative onset 
intervals of the N400s elicited by the rhyming and non-rhyming targets. Figure 3-5 






Figure 3-5. Anterior electrode site grand average waveforms elicited by target words for CWS and CWNS. The 200-400ms time window is included to 
illustrate where measurements for the mean amplitude of the anterior onset rhyme effect were taken. Inside the window, CWS have greater negativity to 
rhyme targets (black) compared to non-rhyme targets (red) at certain sites in both hemispheres, with the greatest being at F8. CWNS show a greater 





There were no main effects of condition, F(1,19) = .21, H-F p = 0.66, or group, 
F(1,19) = 0.02, H-F p = 0.88. However, there was a significant interaction for condition x 
hemisphere x AP x group, F(4,76) = 4.44, H-F p=.009. To further investigate this 
interaction, a step-down was performed for the anterior electrode sites including F7/F8, 
F3/F4 and FC5/FC6. Figure 3-6 illustrates the significant interaction for group x 
condition x hemisphere, F(1,19) = 9.08, H-F p = .007. Analyzing the groups individually, 
CWS did not show a significant condition effect, F(1,11) = .42, H-F p = .53 or 
interactions with condition, F(1,11) < 1.55, H-F p > .24 and F(2,22) < 2.04, H-F p > .15, 
suggesting no reliable early differentiation of the rhyme and non-rhyme conditions in this 
200-400ms temporal window for this group. The CWNS displayed a condition x 
hemisphere interaction, F(1,8) = 8.82, H-F p = .02, indicating an early differentiation of 
rhyme and non-rhyme conditions in the left hemisphere.  
Individual differences in the amplitude of the anterior onset rhyme effect were 
investigated by calculating the difference in mean amplitude of the rhyme and non-rhyme 
conditions in the 200-400ms time window at each anterior electrode site. The differences 
from the rhyme condition minus the non-rhyme condition for the anterior electrode sites 
were averaged for each hemisphere. The left hemisphere average included differences 
from F7, F3 and FC5 and right hemisphere average included differences from F8, F4 and 
FC6. Results for each subject are plotted in Figure 3-7.  Participants exhibited left 
lateralized patterns, a greater negativity over anterior left hemisphere compared to 
anterior right, right lateralized patters, a greater negativity over anterior right hemisphere 
compared to anterior left, and bilateral patterns, a relatively equal negativity over the 





pattern, 4 (33%) showed a right lateralized pattern and 2 (17%) showed a bilateral pattern. 
Of the 9 CWNS, 8 (89%) showed a left lateralized pattern and 1 (11%) showed a right 
lateralized pattern. 
Analysis of mean amplitude in the midline electrode sites from the 200-400ms 
time window showed no main effects of condition F(1, 19) = 1.50, H-F p > 0.24 or group, 
F(1, 19) = 0.01, H-F p = 0.94. There were no interactions with group, F(1, 19) < 0.86, H-






Figure 3-6. Bar graph depicting the significant group x condition x hemisphere interaction at the anterior 
sites in the 200-400ms time window. The 200-400ms window was chosen to measure the anterior onset 
rhyme effect in which the N400 elicited by rhyming targets begins slightly prior to the N400 elicited by 
non-rhyming targets. Investigating groups separately, the CWS showed no significant effects. However, the 






Figure 3-7. Individual differences in the amplitude of the onset rhyme effect were investigated by 
calculating the difference in mean amplitude of the rhyme and non-rhyme conditions in the 200-400ms 
time window at each anterior electrode site, including F7/F8, F3/F4 and FC5/FC6. The differences between 
rhyme and non-rhyme from the anterior sites were averaged for each hemisphere. As can be seen, patterns 
included left lateralized (with greater negativity over anterior left hemisphere compared to anterior right), 
right lateralized (with greater negativity over anterior right hemisphere compared to anterior left) and 
bilateral (relatively equal negativity over the anterior right and left hemispheres). The CWS showed 
variability in hemispheric patterns whereas a majority of the CWNS 8/9 (89%) showed a left lateralized 
pattern. 6/12 (50%) CWS showed a left lateralized pattern, 4/12 (33%) showed a right lateralized pattern 







CHAPTER 4. DISCUSSION 
The first part of the current study was designed to compare development of rhyme 
abilities in CWS and CWNS. We investigated the development of rhyme abilities from 
3:9 to 6:6 years by testing 63 children who do and do not stutter using a real-word rhyme 
judgment task. Findings indicate that phonological awareness for both CWS and CWNS 
were developing at a typical rate as indexed by rhyme task accuracy when compared to 
multiple developmental studies of phonological awareness (Carroll et al., 2003; Maclean 
et al., 1987; Lonigan et al., 1998; Corriveau, Goswami & Thomson, 2010).  
The second part of the current study was designed to further our understanding 
about the underlying brain activity mediating phonological processing by young children 
as they complete a rhyme judgment task. This is the first study to examine the N400 
rhyme effect in an age group under 6 years of age. From those 63 participants, we 
investigated the functional brain activity mediating rhyme judgments of 21 children  (12 
CWS and 9 CWNS) who met additional inclusionary criteria. While this subset of CWS 
and CWNS were both accurate in their rhyme judgments, differences were found in the 
underlying brain activity as indexed by the event-related potentials (ERPs). Both CWS 
and CWNS exhibited an N400 elicited by target words which was greater in amplitude 
for non-rhyming compared to rhyming targets over central parietal sites. The anterior 





no reliable differences in the N400 onsets for processing of rhyming and non-rhyming 
targets over anterior electrode sites, the CWNS exhibited a left lateralized effect in this 
earlier (200-400ms) temporal window. Importantly, the CWS and CWNS included in this 
part of the study were matched for age, socio-economic status, nonverbal IQ (PTONI), 
expressive language (SPELT), receptive language (CELF-P2) and articulation abilities 
(BBTOP-Consonant Inventory). They differed only on the measure used to quantify 
fluency (TOCS), which is consistent with their diagnoses of CWS and CWNS.  
4.1 Rhyme Development in Children Who Do and Do Not Stutter 
Performance on the ERP rhyme task of all 63 children who participated in the 
longitudinal study indicates that both the CWS and CWNS groups are developing rhyme 
at an expected rate compared to rhyme task performance in studies of phonological 
have a steeper slope than the regression lines based on previous studies of phonological 
awareness  for the same age group (Figures 5 and 6), we believe it may be due to the 
differences in demands associated with the rhyming tasks. For instance, Corriveau et al 
(2010) utilized a rhyme oddity task, which required participants to choose the word that 
did not rhyme with the others from 4 options. As can be seen, in Figure 1, the results of 
that task had the lowest percent accuracies of the studies reported. On the other hand, 
Caroll et al. (2003) reported the highest accuracies utilizing a rhyme matching task in 
which participants chose a word that rhymed with a stimulus from only 2 options.  In 
these rhyme tasks, the participant must separate the onset and rime of 3-4 words, compare 
each rime to all other rimes and then identify a single word as the answer based on task 





separate the onset and rime of 2 words, the prime and target words, compare the rimes of 
those 2 words, and answer yes or no. Compared to rhyme oddity and rhyme matching in 
the developmental studies of phonological awareness (Carroll et al., 2003; Maclean et al., 
1987; Lonigan et al., 1998; Corriveau, Goswami & Thomson, 2010), our rhyme judgment 
task required fewer comparisons and a less complex response. Therefore, the rhyme 
judgment task in the current study may have resulted in relatively higher percent 
accuracies. Given the simple rhyme discrimination in the current study, the CWS and 
CWNS groups showed positive regressions similar to, but steeper, than the overall 
regression line based on previous studies of phonological awareness. The current findings 
indicate similar developmental profiles for rhyme abilities n CWS and CWNS.   
As expected, the CWS and CWNS who met inclusionary criteria for the analysis 
of ERPs did not differ in their ability to make rhyme judgments during the ERP rhyme 
protocol or the rhyme discrimination and rhyme production subtests of the PAT 
(Robertson, & Salter, 2007). Participants in the ERP analysis were included only if their 
ERP rhyme task accuracy was at least 75%. This was done to ensure that the ERPs 
examined were comparable in the number of correct trials across groups as the aim of this 
study was to determine if differences in neural activity distinguished young CWS and 
CWNS.  While the ERP analysis sample of participants is biased to show equal 
performance, this ensures comparable numbers of ERP trials in each group and ensured 





4.2 ERPs Elicited by Rhyme Judgment Distinguish CWS and CWNS 
4.2.1 N400  
The current study elicited the classic rhyme effect in which the N400 elicited by 
target words is greater for non-rhyming targets compared to rhyming targets over the 
central parietal sites. Similar to the results of Mohan & Weber (2015) in 7-8 year old 
children, the central-parietal N400 rhyme effect did not distinguish the CWS and CWNS 
groups. However, unlike Mohan & Weber (2015), there were interactions of hemisphere 
and electrode location with condition suggesting that the N400 rhyme effect was greater 
over central parietal sites of the right hemisphere, rather than more bilaterally distributed 
over central parietal sites (Mohan & Weber, 2015).  Findings of the current study also 
differed from Coch et al. (2002; 2005) where the condition effect was also posterior but 
bilaterally distributed. In their studies, Coch et al (2002; 2005) suggest that the rhyme 
effect is stable across ages 6-21. Future developmental studies of the rhyming N400 
effect that span the ages of 4-8 years are needed to verify whether the distribution of the 
N400 begins more right lateralized over central parietal regions (ages 4-5 years) and 
becomes more bilateral with age (>5 years).  
4.2.2 Anterior Onset Rhyme Effect  
The anterior onset rhyme effect occurs at the anterior electrode sites where there 
is an earlier increase in the N400 amplitude elicited by the rhyme condition compared to 
the non-rhyme condition (Mohan & Weber, 2015). Mohan and Weber (2015), suggest 
that this effect represents facilitation for rhyming targets compared to non-rhyming 
targets at the stage of phonological segmentation and rehearsal.  In that study of 7-8 year 





N400 rhyme effect, suggested that differences in phonological segmentation processes 
but not phonological integration differentiated CWS and CWNS , as well as the CWS 
who were persisting from those CWS who had recovered.  The current findings support 
the idea that the anterior onset rhyme effect and the central-parietal N400 rhyme effect 
index distinct but related processes.  In the current study, the anterior onset effect was 
absent in CWS while the CWNS exhibited an effect over left anterior electrode sites.  
However, consistent with Mohan & Weber (2015) both groups demonstrated similar 
central-parietal N400 rhyme effects.  Previously, the anterior onset rhyme effect was 
it was not discussed as a separate component 
indexing a different aspect of rhyme processing compared to the central parietal N400 
rhyme effect (Coch 2002; 2005). The current study extends the findings of Mohan and 
Weber (2015) to younger children who are nearer the onset of stuttering and suggest that 
some aspects of phonological processing may be atypical early in development for some 
CWS. 
Unlike Mohan & Weber (2015), the stuttering outcome of our CWS subjects is 
currently unknown. Analyses of the early onset rhyme effect for each individual 
participant indicate that the CWS produced variable hemispheric processing patterns. 
Half of the CWS showed a left lateralized pattern while the remaining participants 
showed right lateralized (33%) and bilateral (17%) processing patterns. A majority of the 
CWNS group (89%) utilized a left lateralized processing pattern while only one 
individual showed a right lateralized pattern. While some of the CWS demonstrated the 
anterior onset rhyme effect, the variability in oth





may be attributed to the fact that the group contained children who will persist in 
stuttering as well as those who will recover. Mohan & Weber (2015), using pseudo-word 
stimuli, observed a bilateral anterior onset rhyme effect for CWNS, a right lateralized 
effect for CWS who recovered and an absent effect for those who were persisting at the 
time of testing. These findings suggest that the CWS in the current study may also be 
demonstrating patterns that perhaps could distinguish eventual recovery and persistence. 
However, direct conclusions based on the patterns in these two studies cannot be made at 
this time due task-related differences. While Mohan & Weber (2015) utilized pseudo 
words and obtained bilateral results in CWNS, the current study involves real words and 
obtained left lateralized results in CWNS. Coch et al (2002, 2005) found a similar pattern 
for the N400 anterior reversal with real word and non-word tasks. They suggest that the 
semantic content of the real words may account for the left lateralized pattern. It is 
possible that the semantic content of the real words in the current study led to the left 
lateralization of the anterior onset effect in the CWNS. Furthermore, we can speculate 
that the CWS with the left lateralized pattern similar to the CWNS in the current study 
and the typically developing children in Coch et al (2002) may be the children may have 
a greater likelihood of recovery from stuttering. Future studies will be need to confirm 
this idea when the recovery and persistence outcomes for the children are known. 
4.3 Support for the Multifactorial Model 
Analysis of the rhyme accuracy of all participants in the current study established 
that CWS and CWNS are developing phonological awareness at similar and expected 
rates (Carroll et al., 2003; Maclean et al., 1987; Lonigan et al., 1998; Corriveau, 





differed in the neural processes underlying their rhyme judgment decisions. Karmilff-
Smith (2009) suggests that the standardized measures used to assess children with 
neurodevelopmental disorders are not sufficient as many children score within normal 
limits when they may demonstrate different underlying neural activity for certain tasks. 
Investigations of underlying neural activity are necessary to elucidate differences 
between groups with neurodevelopmental disorders and their typical peers. In the case of 
stuttering, differences in neural processing despite similar behavioral accuracy have been 
associated with recovery and persistence in stuttering (Mohan & Weber, 2015).  The 
differentiation in underlying processes between groups without differences in overt 
responses support the multifactorial model of stuttering and the assertion that analyzing 
only overt behaviors is not sufficient to understand stuttering (Smith & Kelly, 1997; 
Smith, 1999; Sheehan, 1953; Starkweather & Gottwald, 1990; Karmilff-Smith, 2009).  
Furthermore, individual differences in the ERPs of the CWS revealed that some of the 
CWS exhibit neural processes similar to CWNS for initial rhyme discrimination (e.g., left 
lateralized early onset effect).  These findings are consistent with the Multifactorial 
Model that hypothesizes that different factors, such as phonological processing, would be 
weighted differently in different CWS and would not be expected to uniformly contribute 
to stuttering development across individuals. 
4.4 Limitations and Future Directions 
 The current study contains a limited number of subjects in both the CWS and 
CWNS groups. Small N studies allow individual differences to have a greater influence 
on the group averages. Data collection for the current study is ongoing. Additional 





determine if the effects reported remain with a larger N. Additionally, since the CWS are 
part of a longitudinal study, follow-up investigations will explore the recovery vs. 
persistence of these subjects and whether differences in the ERP components seen at this 
young age may predict stuttering outcome. 
4.5 Conclusions 
Our findings show that phonological awareness development as indexed by rhyme 
judgment accuracy is similar for both CWS and CWNS ages 3;9 to 6;6. Furthermore, we 
report that neural activity underlying some aspects of phonological awareness as indexed 
by a rhyme judgment task differentiates CWS and CWNS. The central-parietal N400 
rhyme effect was present and did not differentiate groups. In contrast, the anterior onset 
rhyme effect was significant in the left hemisphere for CWNS but absent in CWS. 
Building upon the findings of Mohan & Weber (2015), our results support the idea that 
the anterior onset rhyme effect and central-parietal rhyme effect represent different neural 
processes. Furthermore, inspection of each subject in the current study showed that a 
majority of CWNS showed a left lateralized pattern for the early onset rhyme effect while 
CWS were variable with some CWS displaying left lateralized, but many displaying right 
lateralized and bilateral effects. Longitudinal investigation of the subjects in the current 
study may eventually elucidate associations between the varying patterns of the anterior 
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Appendix Table 1. Stimuli List of Rhyming and Non-Rhyming Real Words 
 Set A  Set B 
!"#$%& '(")%*& +,-.#*#,-& !"#$%& '(")%*& +,-.#*#,-&
, -*) .&*) &/01% .$22 /3#% (*(4&/01% 
5 62*7 )&3++ (*(4&/01% +3- 63- &/01% 
8 +'# .'# &/01% 2'9 :3;% (*(4&/01% 
< :*16 /*1% &/01% #*9 9*9 &/01% 
= .%%# :&'6 (*(4&/01% 2')/# -*7( (*(4&/01% 
> 10 6&%3; (*(4&/01% -3&; 93&; &/01% 
? 23#% /3#% &/01% 6**; +2%%9 (*(4&/01% 
@ /3# :2'16 (*(4&/01% +(3:; &'9 (*(4&/01% 
A +*:; 1%3# (*(4&/01% :&0 2**; (*(4&/01% 
,B :$# 03&- (*(4&/01% 6$19 C$19 &/01% 
,, /*# (*# &/01% /*$+% .'# (*(4&/01% 
,5 6&*7( -*7( &/01% /3(- +#3(- &/01% 
,8 ($&+% 93&; (*(4&/01% 2';% 6';% &/01% 
,< /3'& :/3'& &/01% -&'(; 62$% (*(4&/01% 




,> )**- :*$2- &/01%  9**2 +:/**2 &/01% 
,? 13;% 6$# (*(4&/01% /3'& -**& (*(4&/01% 
,@ /%3- +*:;+ (*(4&/01% #'1% :2'16 &/01% 
,A 92%3+% :/%%+% &/01% 1*9 6%3& (*(4&/01% 
5B :*3# +#3(- (*(4&/01% #/*+% :2*#/%+ &/01% 
5, 9**2 60% (*(4&/01% 10 60% &/01% 
55 2';% )%# (*(4&/01% (*7 ;%0+ (*(4&/01% 
58 +$( *(% &/01% :2%3( )&%%( &/01% 
5< +/%%9 +2%%9 &/01% 6&*7( 9$22 (*(4&/01% 
5= 6$19 #&%% (*(4&/01% C%3(+ 2*$- (*(4&/01% 
5> 73;% :3;% &/01% /3&- 03&- &/01% 
5? (%7 C$19 (*(4&/01% 9**& .'+/ (*(4&/01% 
5@ -&'(; +'(; &/01% .%%# 1%3# &/01% 
5A )23++ 9%( (*(4&/01% #*0 +#$:; (*(4&/01% 
8B (*7 :*7 &/01% /*2- :*2- &/01% 
8, 1**+% C$':% &/01% )23++ )&3++ &/01% 
85 +(3:; 623:; &/01% +'# :*7 (*(4&/01% 
88 .3:% 6';% (*(4&/01% 7%# )%# &/01% 
8< :3( 13( &/01% :*16 C$':% (*(4&/01% 
8= 6%% +/*% (*(4&/01% 0%+ -&%++ &/01% 
8> #'1% :/3+% (*(4&/01% )2$% 6*0 (*(4&/01% 
8? /*$+% 1*$+% &/01% (%7 +/*% &/01% 




8A 6'6 :3# (*(4&/01% -'+/ +#30 (*(4&/01% 
<B :&0 -&0 &/01% 9') 6') &/01% 
<, 2':; ;':; &/01% :3( .&*) (*(4&/01% 
<5 /%( &'-% (*(4&/01% #/%&% 623:; (*(4&/01% 
<8 -'+/ .'+/ &/01% )* (* &/01% 
<< 0%+ :*2- (*(4&/01% 923(% (*# (*(4&/01% 
<= /$) 6$) &/01% &$( -3(:% (*(4&/01% 
<> #/*+% 732; (*(4&/01% 6*D +*:;+ &/01% 
<? #&$:; +#$:; &/01% 73;% 6$) (*(4&/01% 
<@ +3- )$1 (*(4&/01% 6%% #&%% &/01% 
<A #*0 6*0 &/01% /3# :3# &/01% 
=B )2$% 62$% &/01% 1*&% :/3'& (*(4&/01% 
=, /*2- C3& (*(4&/01% +*:; :2*:; &/01% 
=5 #32; +* (*(4&/01% +/%%9 /*1% (*(4&/01% 
=8 :2*$- 2*$- &/01% ($&+% 9$&+% &/01% 
=< 9**& -**& &/01% 13;% 6&%3; &/01% 
== :3& 6*3# (*(4&/01% :*3# 6*3# &/01% 
=> +2'-% #*9 (*(4&/01% /$) .*& (*(4&/01% 
=? &$( (*(% &/01% /*# :*$2- (*(4&/01% 
=@ +#*9 1*9 &/01% +*1% )$1 &/01% 
=A (*+% )&%%( (*(4&/01% 93(#+ *(% (*(4&/01% 
>B 7%# :322 (*(4&/01% +$( (')/# (*(4&/01% 






>5 :2%3( 63- (*(4&/01% /%( 9%( &/01% 
>8 -3&; :2*#/%+ (*(4&/01% )**- +'(; (*(4&/01% 
>< #/%&% 6%3& &/01% 23+# .3+# &/01% 
>= 9*9 6') (*(4&/01% 9%3+ (*(% (*(4&/01% 
>> /3&- +:/**2 (*(4&/01% 92%3+% 13( (*(4&/01% 
>? 9230 +#30 &/01% #32; 732; &/01% 
>@ /3(- 9$&+% (*(4&/01% 1**+% ;':; (*(4&/01% 
>A .$22 9$22 &/01% -*) :/%%+% (*(4&/01% 
?B 2')/# (')/# &/01% +2'-% &'-% &/01% 
?, )* 6%- (*(4&/01% .322 :322 &/01% 
?5 9%3+ ;%0+ &/01% 2':; +#*9 (*(4&/01% 
?8 93(#+ -3(:% &/01% 62*7 +* &/01% 
?< 6*D -&%++ (*(4&/01% /%3- 6%- &/01% 
?= 6**; 2**; &/01% #&$:; 1*$+% (*(4&/01% 
?> 9') /*+% (*(4&/01% 9230 6%3(+ (*(4&/01% 
?? 2'9 &'9 &/01% (*+% /*+% &/01% 
?@ 23+# :2*:; (*(4&/01% :2*$- -&0 (*(4&/01% 
?A C%3(+ 6%3(+ &/01% :$# 6$# &/01% 
@B 923(% &3'( &/01% 23#% 1*$+% (*(4&/01% 
